Abstract B cells play a variety of immunoregulatory roles through their antigen-presentation ability and through cytokine and chemokine production. Innate immune activation of B cells may play a beneficial role through the generation of natural cross-reactive antibodies, by maintaining B cell memory and by exercising immunomodulatory functions that may provide protection against autoimmunity. In this article, we review human B cell populations and their functional properties, with a particular focus on a population of inherently autoreactive B cells, which seem to play an important physiological role in innate immunity, but which, if selected into adaptive immune responses, appear to become pathogenic agents in systemic lupus erythematosus.
Introduction
B cells have been considered to be part of the adaptive immune system, specializing in the generation of protective high-affinity antibodies. While this indeed represents an important function, at least some B cell subsets [in particular B-1 B cells and marginal zone (MZ) B cells] also participate in innate immune responses and may represent a bridge between the innate and the adaptive immune responses [1] . Moreover, it appears that even memory B cells belonging to the adaptive arm of the immune response can also be regulated through innate immune receptors in an antigen-independent fashion [2] . Current views of B cell biology are also enhanced by the realization that in addition to antibody production, B cells play a variety of immunoregulatory roles through their antigen-presentation ability and through cytokine and chemokine production [3, 4, 5, 6] . Innate immune activation of B cells may play a beneficial role through the generation of natural cross-re-active antibodies, by maintaining B cell memory and by exercising immunomodulatory functions that may provide protection against autoimmunity [2, 7, 8, 9, 10, 11, 12] . On the other hand, it is also apparent that innate immune activation of autoreactive B cells, a frequent component of a healthy immune system, has the potential to break tolerance and trigger autoimmunity [13] . This danger is also illustrated by the observation that expansion of MZ B cells may be associated, at least in some models, with autoimmunity [14] .
While many of these issues have been substantially explored in the mouse, our understanding of the biology of human B cell subsets and the division of labor among them is more rudimentary. In this article, we shall review our current understanding of mature human B cell populations and their putative functions. We shall also review the immunobiology of a subset of human B cells (which we designate, 9G4 B cells) whose function appears to be at the interface between the innate and adaptive immune responses [15] . The study of 9G4 B cells offers important insight into the delicate balance between beneficial and pathological immune responses.
Human mature B cell subsets
Three major subsets of peripheral mature B cells are typically identified in the mouse: B-1 cells (divided into B-1a, which express surface CD5, and B-1b, which do not); B2 cells; and MZ B cells [16, 17] . B2 cells, also known as follicular B cells, are the archetypical B cell of the adaptive immune system. They participate in T-dependent germinal center (GC) reactions and give rise to isotype-switched, high-affinity memory cells and longlived plasma cells. In contrast, B-1 and MZ B cells are located in specific anatomical compartments (peritoneal/pleural cavities and splenic MZ, respectively) and are responsible for early antibody responses (typically T-independent, low-affinity and frequently polyreactive). MZ B cells, like B-1 cells, are important not only to combat infections but also in the maintenance of host homeostasis [18] . Both populations are thought to play important roles in microbial surveillance, at least in part due to their anatomical location. In particular, MZ B cells are ideally suited to protect against blood-borne pathogens and have been proposed to participate in T-independent responses against encapsulated bacteria [18] . Both populations share the property of being T cell independent and of producing natural antibodies, which may serve protective functions in early response to infections and autoimmunity. It has been postulated that in the mouse B-1 cells are the mobile arm of the innate B cell response and MZ B cells are a sessile component, restricted to the spleen [19] .
In comparison to the mouse, the definition of human B-1, B2, and MZ B cell subsets is less well defined. The existence in humans of an equivalent to mouse B-1 cells is controversial, and there is little consensus as to how to define human B-1 B cells. The expression of CD5, which identifies B-1a B cells in the mouse, does not seem to be a good marker for human B-1 cells [20] . Further, the very presence of B cells in serosal cavities, a B-1 B cell hallmark in the mouse, has been questioned in humans [20] . However, the existence of B-1 B cells in humans has been gleaned from early studies showing that some CD5 B cells have the ability to produce polyreactive antibodies, and more recent studies suggesting that a population of IgM memory cells responsible for providing protection against Streptococcus pneumoniae infections may represent the human equivalent to murine B-1a B cells [20, 21] . At least from a functional standpoint, human MZ B cells also remain to be fully defined. Anatomically, however, a well-defined MZ compartment can be observed in infant spleens by 2 years of age. Interestingly, while in adults the vast majority of MZ B cells express the memory cell marker CD27 and express at least some level of somatic hypermutation, the infant MZ appears to be devoid of CD27 + B cells [22] . These observations need to be reconciled with the presence in the peripheral blood of children under 2 years of age of somatically mutated B cells with an IgM/IgD MZ phenotype [23] .
In humans, mature B cells corresponding to naïve, pre-GC, GC and memory B cell subsets have been delineated using a variety of surface markers including CD19, CD20, IgD, CD38, CD21, CD23 and CD27 [24, 25] . Classifications based on the expression of CD22 and CD27 have also been proposed [17, 20] . Examples of these subsets are shown in Fig. 1 .
One important difference between humans and mice is the frequency of peripheral blood (PBL) memory B cells, which in humans may represent 40-60% of all PBL B cells and are recognized by their expression of CD27 [26] . This difference has been attributed to the accumulation of long-lived memory cells during the longer human life-span [26] . Also of significant interest is that only about half of all human memory B cells have undergone isotype switch, while the rest express surface IgM. Of importance, our preliminary studies indicate that memory B cells can also be found among CD27 cells (Fig. 1b) . Whether IgM memory cells represent a homogeneous subset or not remains controversial. Initially, it was reported that populations of IgM-only and IgM/IgD memory cells could be clearly differentiated [26] . However, other reports and our own experience indicate that the vast majority of IgM memory cells also express at least low levels of surface IgD [20, 23] . The actual developmental origin of these subsets of memory cells and their specific role in functional immune responses remain to be elucidated. Although the phenotypic difference may be difficult to discriminate, evidence indicates that these represent two distinct memory populations. Thus, it has been found that in the absence of AID (e.g., in patients with AID mutations), memory B cells preferentially express IgM but not IgD [23] . Because the block in these patients is in the isotype-switch mechanism, it is postulated that the accumulated IgM-only memory cells are precursors to isotype-switched memory cells. In this model, IgM-only memory cells would belong to the B2 subpopulation. It should, however, be pointed out that there is no direct evidence that these cells persist in the presence of functional AID.
More data are available pertaining to memory B cells that express both IgM and IgD. Thus, patients with X-linked hyper-IgM syndrome, which is characterized by defective CD40L function and absence of GC, have significant levels of IgM/IgD memory cells, indicating that the development of this population may proceed independently of GC reactions [27]. In addition, two studies have linked IgM/IgD memory cells with both the B-1 and the MZ B cell populations. As cited above, Kruetzmann et al. [20] showed that the presence of IgM/IgD memory cells correlated with serum levels of anti-pneumococcal polysaccharides IgM antibodies and with protection against pneumococcal infections. Interestingly, these authors also found that these memory cells were absent in patients without spleen and were not detected in infants. Accumulation was first observed in children at 2 years of age. Based on their observation that B-1a cells are lacking in asplenic mice, the investigators postulated that IgM/IgD memory cells may have similar survival requirements and function as murine B-1a B cells [20] .
In contrast, Weller et al.
[23] have proposed that these memory cells represent a recirculating fraction of MZ B cells which are already present in early life. Consistent with memory cells and can be induced to acquire CD27 expression under some culture conditions that include stimulation with CpG DNA (Cappione et al., in preparation). DN B cells, which usually go undetected in normal subjects due to their low frequency, are frequently greatly expanded in patients with active SLE in whom they sometimes represent the dominant peripheral blood subset [132] . Similarly, circulating CD27
High plasmablasts which are quite scarce in healthy subjects are frequently increased in active SLE. c Characterization of B cell subsets in normal human spleen using staining for CD21/CD23, IgM/IgD. This type of staining generates a pattern very similar to the one obtained with mouse spleen and permits separation into follicular (FO), marginal zone (MZ) and transitional B cell populations (T1/T2). An additional subset can be seen in human spleen that appears to represent an IgD + marginal zone population (MZ*) (SLE systemic lupus erythematosus)
Kruetzmann's study, IgM/IgD memory cells were shown to participate in the immune response against encapsulated bacteria. Interestingly these investigators showed that these cells develop and mutate early in ontogeny, prior to their differentiation into T-independent antigen-responsive cells. Although their phenotypic identifiers have yet to be fully and satisfactorily described, some degree of consensus appears to be emerging regarding the existence of human B-1 and MZ equivalents. That these B cells participate in the innate immune system response is also gaining acceptance.
The two faces of innate immune B cells: a link between innate immunity and autoimmunity
Innate immune B cells are T cell-independent B cells present in the primary, pre-antigendriven repertoire. These innate immune B cells participate in the host response against microbial antigens through the generation of natural IgM antibodies that do not require affinity maturation to provide early protection. Innate immune B cells are also likely to play beneficial roles through the production of natural IgM autoantibodies, which may contribute to the physiological clearance of apoptotic cells and help suppress pathogenic IgG autoantibody responses [11, 28] . These cells, while beneficial for the host, are also enriched in autoreactivity and, therefore, present a challenge for a healthy immune system which, to avoid pathogenic autoimmunity, must strike a difficult regulatory balance. Consequently, it can be envisioned that an important function of B cell tolerance must be to prevent the incorporation of autoreactive innate B cells into the T cell-dependent longlived IgG memory compartment.
Here, we analyze a population of human B cells (designated 9G4 B cells) to gain insight into such regulatory processes. This population of B cells can be readily identified and isolated using a rat monoclonal antibody, 9G4 [29] . The 9G4 monoclonal antibody binds specifically to a unique epitope encoded in framework 1 of the human heavy chain variable region gene V 4-34. Thus, by definition, all 9G4 B cells express the V 4-34 VH gene. Most light chains do not affect expression of the 9G4 epitope and, so far as is known, light chain utilization by 9G4 B cells is not restricted. Interestingly, the same framework 1 sequence that encodes the 9G4 epitope, is responsible for the superantigen binding property, and autoreactivity, of 9G4 B cells, as described below [30] . The 9G4 epitope can be lost consequent to the accumulation of somatic mutations in the region of framework 1 that encodes the 9G4 epitope. Thus, it cannot be said that all V 4-34-expressing B cells are 9G4 B cells. Furthermore, mutational analysis indicates that the loss of the 9G4 epitope also results in loss of autoreactivity [31] . Therefore, the detection of the 9G4 epitope can be considered synonymous with autoreactivity, and the analysis of 9G4 expression affords the opportunity to determine the fate of autoreactive B cells and to investigate the mechanisms involved in the regulation of these cells.
9G4 B cells can be considered innate B cells because they do represent a large fraction of the primary pre-antigenic repertoire (approximately 5-10% of mature naïve B cells), and are expanded in the context of at least some infections (such as Infectious mononucleosis and Mycoplasma pneumoniae) in which they presumably play a protective role [32, 33] . Importantly for their classification as innate B cells, the antigenic reactivities of 9G4 B cells (both for autoantigens and for pathogens) are determined by the germline sequence of VH4-34, and do not appear to require somatic hypermutation or undergo antigen-se-lected affinity maturation (although admittedly, the latter issue needs formal exploration) [30] . In addition, as detailed below, 9G4 B cells are also represented in the IgM/IgD memory compartment and in the MZ B cell population but are excluded from the T cell-dependent IgG memory repertoire and therefore, do not normally participate in adaptive B cell responses.
This functional sequestration of 9G4 B cells in the innate immune system is subject to abrogation in certain situations. In systemic lupus erythematosus (SLE) patients, 9G4 B cells are highly expanded in the IgG memory population and may contribute to the pathogenesis of this autoimmune disease [15, 34] . As will be discussed below, these observations suggest the hypothesis that SLE represents a situation where the inappropriate positive selection of innate B cells into adaptive immune responses results in chronic autoimmunity.
9G4 antibodies in health and disease
9G4 antibodies are intrinsically autoreactive with the poly-N-acetyllactosamine (NAL) determinants of the I/i blood group antigens targeted by pathogenic cold agglutinins (CA) [35] . Strikingly, all 9G4 monoclonal antibodies thus far characterized possess anti-I/i reactivity. In addition, all anti-I/i antibodies thus far studied were encoded by VH4-34, thereby indicating that the expression of this gene segment is mandatory for anti-I/i CA activity [36, 37, 38] . The ability of 9G4 antibodies to bind NAL reflects their ability to recognize this antigen in a superantigen-like fashion through residues encoded in the germline sequence of the first framework region and largely irrespective of the somatically generated third hypervariable region and of the associated light chain [33, 39, 40, 41] . Indeed, it appears that most light chains (either k or l) are permissive of anti-I/i binding [40] .
The fact that the infection-triggered immune response to I/i antigens selectively targets 9G4 B cells suggests that the VH4-34 gene segment may have been selected during evolution for its ability to encode protective antibodies. This speculation is supported by the observation that a close VH4-34 homolog is not present in the mouse genome and is also absent from the germline of rhesus monkeys even though these lower primates possess a VH4 gene family closely related to its human counterpart [42] . Chimpanzees, on the other hand, possess a close homologue of VH4-34, having only two nucleotide differences. Interestingly, both nucleotide substitutions result in amino acid replacements, and both occur in framework 1 within the site that mediates NAL binding (E.C.B. Milner, unpublished data). Thus, given that humans are the only natural host for both M. pneumoniae and EBV infections, it is tempting to speculate that these infectious organisms may constitute the evolutionary pressure responsible for the selection and highly conserved maintenance of the VH4-34 gene segment in the human germline (remarkably VH4-34 has been shown to be non-polymorphic and present in every subject thus far studied regardless of ethnic origin) [43, 44, 45, 46] .
The closest sequence homology with VH4-34 among mouse VH genes is found with VH12 (I. Sanz, unpublished observations). Interestingly, VH12 B cells offer some striking parallels with 9G4 cells in that they represent a substantial fraction of the physiological B-1 repertoire (5-8%), are autoreactive against red blood cells, are positively selected, and appear to play a protective anti-microbial role [47] .
It is important to realize that NAL is expressed in a variety of glycoproteins including CD45 and other differentiation antigens, gangliosides, gastrointestinal mucins and glycolipids as well as by apoptotic cells [48, 49, 50, 51, 52, 53]. Consequently, NAL-bearing self-antigens are widely available to engage 9G4 B cells both in soluble form and in the plasma membrane of RBC, lymphocytes, epithelial cells, tumor cells and apoptotic cells and indeed 9G4 antibodies have been shown to react with many of the antigens or cells described above ([33, 37, 38, 41, 54, 55, 56, 57, 58, 59 , 60] and our own observations that will be discussed below in more detail).
Even though the vast majority of 9G4 antibodies recognize the I/i antigen, cross-reactivity with other relevant antigens (devoid of I/i epitopes) can be demonstrated in many cases depending on the expression of specific HCDR3 regions, associated light chains and charged residues present on the conventional antigen binding site [59, 60, 61, 62] . Crossreactive antigens prominently include dsDNA and the lipid A (endotoxin) anchor moiety of bacterial lipopolysaccharides (LPS) [61, 63, 64, 65] . These important reactivities of 9G4 antibodies have been used to propose a physiological role for 9G4 B cells in the innate immune response and a pathogenic one in SLE, an autoimmune disease where a link between infection and anti-DNA responses has been frequently invoked [64, 66, 67, 68] .
The central observation concerning 9G4 antibodies is that, despite the abundance of 9G4 B cells in the primary normal repertoire, they are scarcely represented in healthy sera (whether IgM or IgG) [34, 35, 69, 70, 71 ]. Yet, IgM 9G4 antibodies are substantially expanded in the serum of otherwise healthy individuals in response to acute infections with herpes viruses such as EBV and CMV and in acute M. pneumoniae infections [32, 36] . In these infections, 9G4 antibodies are responsible for the presence of pathogenic CA that mediate autoimmune hemolytic anemia [72] . Interestingly, while the fetal RBC linear NAL i-antigen is the usual target of CA in EBV infections, the branched NAL I-antigen expressed by adult RBC is overwhelmingly preferred by CA antibodies induced by M. pneumoniae [73] . We are thus presented with a fascinating scenario in which different infectious agents break, at least temporarily, B cell tolerance preferentially targeting autoreactive 9G4 B cells, yet resulting in the production of either anti-i or anti-I autoantibodies in a mutually exclusive fashion. A detailed discussion of this phenomenon is outside the scope of this review and has been recently published elsewhere [74] .
In these infections, chronic autoimmunity appears to be prevented by the generation of autoantibodies largely of the IgM class, which tend to be of lower affinity, mostly limited to the intravascular space and relatively short-lived. Furthermore, healthy individuals without genetic predisposition to autoimmunity appear to possess the appropriate regulatory mechanisms necessary to prevent these autoreactive B cells from entering the longlived IgG compartment. It is likely that these mechanisms would act in concert to prevent long-term systemic autoimmunity by avoiding chronic expansion of autoreactive B cells, isotype switch to more pathogenic IgG and epitope spreading.
According to this model, the chronic production of either IgM or IgG 9G4 antibodies would be expected to result in sustained autoimmunity. Indeed, this scenario is illustrated by two clinical situations: HIV infection and SLE (for 9G4 IgM and IgG antibodies, respectively). Thus, chronic CA disease can be demonstrated in 20-60% of HIV-infected patients with the large majority of cases being due to IgM anti-i/I autoantibodies [75] . While systematic studies of serum 9G4 antibodies remain to be done in HIV infections, the almost absolute restriction of anti-i/I responses to VH4-34 antibodies and the identification of VH4-34 in monoclonal CA derived from HIV patients strongly suggest that IgM 9G4 antibodies are chronically expanded in a substantial fraction of HIV patients and account for chronic CA disease [76] .
In contrast to the previously discussed infections, sustained increases of serum IgG 9G4 antibodies are restricted to patients with SLE and the presence of high levels of these autoantibodies is very specific for this autoimmune disease [34, 69, 70, 71, 77] . While most reports only detected total 9G4 Ig levels two recent studies, including our own, also determined IgG levels [34, 77] . Our data demonstrate that IgG 9G4 antibodies are quite elevated in up to 75% of patients with active SLE where they represent from 10% to a stunning 40% of total serum IgG. Overall, serum 9G4 antibodies have been shown to correlate positively with global disease activity and with the presence of lupus nephritis and central nervous system involvement [34, 69, 71] . While a direct pathogenic effect of these antibodies in SLE remains to be formally established, several lines of evidence (in addition to their sheer abundance and disease association) support this contention. First, 9G4 antibodies may contribute to the anti-dsDNA and anti-Smith response in SLE and can be found in kidney eluates [69, 70, 78] . Secondly, 9G4 antibodies bind to the vast majority of naïve B cells by recognizing a glycoform of CD45/B220 both in vivo and in vitro [34] . It is tempting to speculate that this property could contribute to the naïve lymphopenia typically associated with active disease by inducing killing of naïve lymphocytes and/or promoting their differentiation into class-switched B cells [56, 79] . Moreover, the ability of 9G4 antibodies to bind B220 may explain our observation that these antibodies recognize apoptotic lymphocytes (Fig. 2) [34, 80] . Therefore, it is plausible that 9G4 antibodies could contribute to the ability of SLE sera to induce the sustained production of IFN-a, a cytokine currently considered central to the pathogenesis of this disease [81, 82] . In addi- [83, 84] . Finally, 9G4 antibodies could contribute to the pathogenesis of neuro-psychiatric SLE through their ability to recognize gangliosides, which are abundantly expressed in neuronal cells [59] . Indeed, this antigenic reactivity could help explain the described association between anti-lymphocyte antibodies and central nervous system disease in SLE [85] . Whatever the pathogenic role(s) of 9G4 antibodies in SLE may be, the large contribution of these antibodies to the IgG repertoire in this disease strongly indicate that the tolerance mechanisms that normally act upon 9G4 cells to prevent their expansion into the memory and plasma cell repertoire are faulty in SLE. These aspects will be discussed in the following sections.
Autoreactive 9G4 B cells are censored in a healthy immune system
The need for strict censoring of 9G4 B cells is predicated on their abundance in the preimmune repertoire and on the pathogenic potential of 9G4 antibodies. Yet, as previously discussed, 9G4 B cells can be activated under some conditions even in healthy individuals. This begs the question as to how this dynamic form of B cell tolerance is achieved. The answer seems to reside on the ability of healthy subjects to censor the progression of 9G4 cells through productive GC reactions. Indeed, we have previously shown that, while 9G4 B cells represent a substantial fraction of the follicular naïve repertoire (5-10%), they decrease by 80-90% in the IgM memory and plasma cell compartment and are rarely found in the IgG memory and plasma cell subsets, where they represent less than 0.5% of these two compartments ([15] and Cappione et al., Defective germinal censoring of autoreactive B-cells in human SLE, submitted). This regulation appears to be accomplished by strict censoring in the GC, the critical anatomical and functional environment responsible for the generation and expansion of high-affinity memory B cells and long-lived plasma cells in a T cell-dependent fashion. Strikingly, our published and unpublished studies have failed to identify productive GC reactions in any of more than 350 secondary follicles from 15 independent tonsils obtained from healthy donors (Fig. 3a) . While 9G4-positive GCs have been recently reported in healthy tonsils, the frequency of such events was not provided and, therefore, it is hard to understand the significance of these findings [31] . In fact, in the absence of counterselection, the expected frequency of 9G4 + GC in healthy individuals would be 12-20%. This calculation is based on the observed frequency in our studies of mature GC formed by expansions of other VH4 B cells (40%, as identified by the Lc1 idiotype) and the relative contribution of 9G4 B cells to the total VH4 naïve B cell repertoire (30-50%) [31, 86, 87] . In contrast, our extensive tonsil studies as well as similar studies of healthy spleens show that the actual frequency of 9G4 + GCs is less than 1% of all mature GCs analyzed, a finding indicative of strong counterselection and well in keeping with the absence of 9G4 + GCs observed by other groups (J. Spencer and D. DunnWalters, Guy's, King's and St Thomas' Medical School, London, UK; personal communication). Our unpublished observations also indicate that the censoring of naïve 9G4 B cells occurs at the transition between the pre-GC and GC stages of B cell differentiation and more specifically, at the GC founder cell level (Cappione et al., submitted).
We believe that, at least in part, such censoring is the result of anergy induced by chronic exposure to self antigens. Thus, phenotypic and signaling studies indicate that naïve 9G4 B cells express a partially activated phenotype characterized by down-regulation of surface IgM and reduced Ca 2+ flux in response to BCR stimulation similar to mouse an- ergic B cells [88, 89] . This observation would be consistent with the absence of intracellular calcium oscillations observed in B cell activation induced by T cell-independent type 2 antigens [90] . Furthermore, preliminary gene expression experiments using DNA microarrays indicate that as compared to other naïve B cells that regularly participate in productive GC reactions, 9G4 naïve cells express decreased levels of NF-kB and JNK kinase, a profile characteristic of anergic autoreactive transgenic B cells [91, 92] . Several mechanisms could be postulated to explain the failure of pre-GC 9G4 B cells to successfully participate in a mature GC reaction including defective responses to stimulation through the BAFF receptor [93, 94] . In addition, when stimulated in the presence of surrogate T cell help, healthy naïve 9G4 B cells readily differentiate into antibody-producing plasma cells (PC), thereby suggesting that their inability to do so in vivo may be due, at least in part, to the absence of T cell help, a mechanism known to contribute to the maintenance of tolerance in transgenic anti-DNA B cells [15, 95] .
Interestingly, in addition to the follicular mantle, 9G4 B cells are also abundant in the MZ of the spleen (Fig. 3b) . This finding points to the possibility that, as suggested in murine models, both negative selection (from the GC) and positive selection (into the MZ resulting in sequestration from self-antigens and/or T cell help) could both contribute to the censoring of 9G4 B cells.
Despite the obvious efficacy of these mechanisms, 9G4 B cells still make up approximately 1% of all IgM memory cells, a non-negligible amount whose presence needs be explained and which creates the need for additional censoring mechanisms. Interestingly, virtually all 9G4 IgM memory cells belong to the IgM/IgD memory population recently proposed to develop in a GC-independent fashion and which may represent a recirculating fraction of MZ B cells. Our observations with 9G4 cells strongly support these concepts and provide further evidence for the concept that IgM/IgD CD27 + memory cells may develop and accumulate in the MZ without participating in GC reactions. As for autoreactive memory B cells in general, the regulatory mechanisms acting upon memory 9G4 cells remain to be further explored. Nonetheless, our preliminary studies indicate that 9G4 cells almost universally express surface Fas and may therefore be destined to die by apoptosis should they encounter activated T cells which might otherwise induce them to differentiate into PC [96] .
The physiological regulation of 9G4 B cells is faulty in SLE
The high levels of 9G4 IgG antibodies present in the serum of patients with active SLE strongly suggests that the censoring imposed in the GC by a healthy immune system is faulty in this autoimmune disease. This suggestion is strongly supported by our observation that 9G4 IgG memory cells and plasma cells are greatly expanded (10-to 25-fold) in SLE patients and represent 10-33% and 10-40% of all IgG memory B cells and plasma cells, respectively ([15, 34] and Cappione et al., submitted). To directly address this question, we have investigated the distribution of 9G4 B cells in tonsil biopsies obtained from SLE patients (Cappione et al., submitted) . This unique approach provides access to secondary lymphoid tissue in patients with active disease and minimal treatment thereby circumventing the limitations created by the study of peripheral blood or of tissue obtained from patients treated with cytotoxic/immunosuppressive agents. Flow cytometric studies of tonsil biopsies demonstrate that the block observed in healthy subjects in the progres-sion of 9G4 pre-GC cells is absent in SLE. Instead, these patients display a significantly increased frequency of 9G4 B cells with a GC surface phenotype (average expansion 8-to 10-fold) and with a memory phenotype (10-to 20-fold). Moreover, histological studies of the biopsy samples conclusively show that 9G4 + GC represent 15-25% of all productive GC reactions analyzed (Fig. 3c) . Interestingly, however, active GC reactions formed by proliferating 9G4 B cells can also be observed in SLE patients without significant disease activity. Of significant importance, tonsil biopsy specimens of patients with other autoimmune diseases such as rheumatoid arthritis and vasculitis resembled normal samples and did not share the abnormalities described for SLE patients. This finding is consistent with the specificity of elevated titers of serum 9G4 antibodies for SLE. Together, these observations strongly suggest that the autoreactivity encoded by the 9G4 idiotype is positively selected by the autoimmune process underlying SLE, and is highly likely to play a pathogenic role in this disease. Outstanding issues that need to be understood include the actual antigen(s) responsible for the triggering and/or selection of 9G4 B cells in SLE and whether or not affinity maturation plays a role in this process. The fact that the expression of the germline-encoded 9G4 idiotype is favored even in the presence of enhanced activity of the mutational machinery in SLE, strongly indicates that NAL epitopes (possibly expressed by apoptotic cells) may be the selecting antigen. It is still possible, however, that these cells might also recognize additional antigens through the conventional antigenbinding site and that this reactivity might be created or enhanced by somatic hypermutation. The final elucidation of this important issue will require systematic analysis of the binding specificity of mutated and unmutated 9G4 B cells in normal subjects and in SLE patients.
Our current interpretation of our data is that abnormal censoring of autoreactive B cells in the GC, leading to B cell tolerance breakdown, is an intrinsic defect in SLE, which may be necessary but not sufficient for full clinical expression of the disease process. This interpretation would be consistent with the prevailing view that primary B cell defects, presumably of a genetic basis, are central to the pathogenesis of SLE but would require (environmental) triggers to induce disease expression [97] . Unfortunately, at this point, the actual triggering factors remain unknown. Popular candidates include infectious agents such as EBV and possibly other infections for which indirect, albeit in some cases quite strong, evidence has been reported [98] . Whatever the ultimate nature of the precipitating antigen may turn out to be, our unpublished results indicate that isolated stimulation of SLE 9G4 B cells through the BCR is not enough to induce full activation of these cells as demonstrated by low Ca 2+ oscillations comparable to those observed with healthy 9G4 cells [91] . We believe that these results point to the need for co-stimulation through other receptors as a necessary factor to overcome anergic responses in 9G4 cells. This could be accomplished in SLE by the provision of T cell help, by defective T cell regulatory activity or by the contribution of an overactive innate immune system in a T cell-independent fashion. Examples of such mechanisms could include unabated IFN-a activity, direct dendritic cell/B cell interactions, excessive BLyS-mediated stimulation and co-stimulation of Tolllike receptors (TLR) [99, 100, 101, 102] . A tantalizing example of the latter mechanisms has indeed been described in rheumatoid factor (RF) transgenic mice in which tolerant RF B cells can be activated by co-stimulation of the BCR and TLR9 induced by IgG-chromatin immune complexes [13] . As previously discussed in this review, a similar mechanism has been invoked in human SLE to explain the production of IFN-a by dendritic cells (in this case by co-stimulation of Fcg receptors and TLR9 by immune complexes of IgGapoptotic cells) [81] . Along these lines, it is important to note that 9G4 B cells have the potential to recognize antigens such as LPS and apoptotic cells both through their BCR for antigen as well as through TLR4, and, therefore, it is plausible that these antigens might be responsible for disrupting tolerance in genetically predisposed individuals [64, 103, 104] .
Concluding remarks
We propose that 9G4 autoantibodies play a beneficial role by participating in important physiological functions. Although the ultimate reason for the selection of autoreactive 9G4 B cells into the follicular and MZ compartments is still unknown, important clues are available. Thus, while virtually all 9G4 mAbs recognize RBC carbohydrate antigens, many such antibodies cross-react with other non-protein antigens such as bacterial LPS, DNA, and tumor gangliosides. In our working model, one could envision surface 9G4 antibodies as a type of innate immune receptor that could recognize repetitive patterns present in self-and microbial antigens [16] . Under conditions that provide strong stimulation these cells could differentiate into MZ cells and play a protective role either by clearing self antigens or by swiftly reacting with bacterial antigens. The required stimulation could be provided by several factors including the nature of the antigen and the engagement of appropriate coreceptors and signaling pathways. For example, the highest expression of the B cell-specific Toll-like receptor RP105, which is required for responsiveness to LPS via TLR4, is found in humans in the mantle zones where 9G4 cells are concentrated, suggesting that innate receptors may play a role in selecting these cells [105, 106] .
Alternatively, 9G4 B cells could function as regulatory B cells interacting with innate T cells. Indeed, our unpublished results indicate that 9G4 B cells express substantial levels of CD1d (typical of MZ B cells) and CD1b (an antigen not previously recognized on human B cells) (Fig. 4) . Both the expression of these MHC class I-like molecules and the nature of the antigens recognized by 9G4 B cells strongly suggest that they may play a role in the presentation of "unconventional" glycolipid antigens to CD1-restricted T cells. The exact nature of the antigens/epitopes presented by 9G4 B cells remains to be determined. Yet it seems reasonable that they could be derived from the same antigens recognized by 9G4 antibodies (NAL-containing glycosphingolipids/gangliosides, bacterial glycolipids) [59, 63, 107] . While the actual antigens presented by CD1 molecules in general remain fairly obscure and represent an evolving and controversial field, the available information is of significant help when thinking about 9G4 B cells. Thus, while some evidence indicates that all CD1-restricted T cells may recognize endogenous ligands [108] , it is apparent that human CD1b may also present microbial lipid antigens such as mycobacterial glycolipids and bacterial lipoarabinomannan (LAM) in addition to self glycosphingolipids such as GM1 gangliosides [109, 110, 111] . Of significant interest, the GM1 epitope recognized by the autoreactive T cells is also present in bacterial carbohydrates, suggesting a possible crossreactivity between self-and microbial glycolipid antigens [112] . In contrast to CD1b, no physiological ligands have been yet identified for CD1d since a compound that efficiently activates all human and mouse CD1d-restricted T cells (a-galactosylceramide; aGalCer) is merely a useful surrogate antigen derived from marine sponges but not present in mammalian cells [113] . However, the current consensus of opinion is that endogenous, selfglycolipid antigens represent the physiological ligand presented by CD1d to the main subset of human regulatory NKT cells (Va24JaQ/Vb11 invariant NKT cells) [108, 114, 115, 116] .
Subsequently, 9G4 B cells could establish cognate interactions with antigen-specific CD1-restricted T cells belonging to different subsets since human CD1d antigens engage mostly TCR invariant NKT cells [either single-positive (SP) CD4 + or double-negative (DN) CD4
CD8
NKT cells], while CD1b molecules preferentially interact with a more diverse TCR repertoire expressed on either SP (CD4 + or CD8 + ) or DN ab T cells [117, 118] .
Finally, the functional consequences of these interactions could also vary substantially. Thus, it has been shown that CD4 + and CD8 + (CD1d-restricted) NKT cells derived from non-autoimmune BALB/c mice are capable of stimulating syngeneic B cells to secrete antibodies, and can also induce lupus-like autoimmune disease in vivo. In contrast, CD4/ CD8 DN NKT cells (producing large amounts of IL-4 but no IL-10 or IFN-g) suppressed the generation of autoimmunity [119] . On that basis, it can be postulated that in healthy individuals 9G4 B cells would present self glycolipids to CD1d-restricted DN NKT cells, and that this interaction would result in the survival of autoreactive 9G4 B cells, while suppressing autoantibody production. This scenario is certainly consistent with the immunoregulatory role proposed for DN NKT cells which, upon activation with aGalCer, have been shown to suppress autoimmune disease and to have anti-tumor effects [120, 121, 122] . On the other hand, 9G4 B cells could fulfill their role in microbial surveillance by presenting microbial glycolipids to CD1b-restricted ab T cells.
In patients with SLE, the balance between these interactions would be shifted in the direction of autoimmunity either due to intrinsic B cell defects, abnormal T cell responses or both [123, 124] and MZ B cells stimulated by T cells could enter the GC reaction [125] . Of particular interest in this respect is the expansion of ab DN T cells observed in murine and human lupus and in patients with the autoimmune lymphoproliferative syndrome (ALPS), who have a very high incidence of autoantibody-mediated cytopenias [119, 126, 127, 128, 129, 130, 131] . It is therefore possible that in SLE, 9G4 B cells could receive abnormal stimulation by ab DN T cells and/or by the absence of regulatory NKT cells.
In summary, 9G4 B cells represent a fascinating population of autoreactive B cells, which, when restricted to innate immune responses, appear to play an important physiological role. In contrast, if selected into adaptive immune responses, 9G4 B cells become pathogenic agents and are likely to play an important role in SLE (Fig. 5) . Understanding the behavior of these cells should contribute important insights into the regulation of human B cell tolerance and its breakdown in SLE. 
